Abstract-Due to its potential to improve human health care and various of the treatments equipment, power assisted nursing care systems have received positive attentions from the global community and also gaining huge demands from the mainstream industry. In such a control system, wearable actuators and control valves are required to be mounted on the human body. Generally, the performance and cost of the pneumatic wearable rehabilitation device depends on the cost and performance of the valve. Therefore, the optimal design of the valve for precise control is required. In this paper, the proposal of the static model and analysis of the servo valve using buckle tubes developed before are described.
I. INTRODUCTION
Recently, rehabilitation devices in power assisted nursing care systems [1] , [2] have received much attention. In such a wearable control system, a wearable actuator and a small-sized control valve that can be mounted on the human body are required [3] - [7] . As taking account of development of a wearable control valve that can drive pneumatic actuators to support the multi-degrees of freedom of human motion, the cost and dimension of the valve will be serious problems. In the previous study, a low-cost and small-sized servo valve using buckled tube was proposed and tested [8] . In the next step, it is necessary to investigate the static characteristics of the valve by changing the arrangement of buckled tubes. In this paper, static analytical model and static analysis of the valve for the optimum design will be discussed. Fig. 1 shows the construction of a servo valve using buckled tubes. The valve consists of two buckled soft polyurethane tubes (SMC Co. Ltd. TUS0425: inner diameter of 2.5 mm, outer diameter of 4.0 mm), a smallsized RC servo motor (GWS Co. Ltd. PICO/STD/F), an Manuscript received July 1, 2014; revised June 11, 2015.
II. SMALL-SIZED CONTROL SERVO VALVE USING BUCKLED TUBE

A. Construction of the Servo Valve Using Buckled Tube
acrylic valve holder and an acrylic tube holder disk. Two buckled tubes are used for supply and exhaust. In the initial condition, the buckling tubes are held by the acrylic rotary disk so that each of buckled angles is 65.7 degrees in clockwise and counterclockwise with radius of about 5 mm from the motor shaft, respectively. Then, each end of the supply and exhaust port is fixed at the tube holder. The alternative arrangement of two buckled tubes helps to decrease the reaction torque for the motor. 
B. Operating Principle of the Servo Valve
The operating principle of the valve is as follows. When the servo motor rotates clockwise, the buckled angle of exhaust tube is decreased and at the same time the buckled angle of supply tube is increased. Then, it causes the increasing of the sectional area in the supply tube by releasing the bending force at the buckling point, while the bending force acted on the buckling point of the exhaust tube is increasing. By increasing the buckled force, the exhaust tube closed surely. Fig. 2 shows the model of two buckled tubes in the tested valve using the buckle tubes. The model consists of the disk driven by the motor and two buckled tubes that have specific arrangement of tubes as shown in Fig. 2 . The equivalent equation of torque between the restoration torque from buckled tubes and the generated torque of the motor is given by
ML
 are the motor torque and the torques that the buckled tubes act to the motor and generated by the restoration force from the left and right side tube, respectively. In addition, from tube's geometrical configuration as shown in Fig. 2 , the equations about buckled tubes are given as follows. ) (z f is the function that express the state of flow, and are expressed given by the following equations.
where  is the specific heat ratio, and  =1.4.
Based on the equations from (1) to (10) as mentioned above, static characteristics of the valve such as the relation between motor angle and output flow rate are possible to be calculated and predicted by changing the arrangement of the two buckled tube.
IV. FUNDAMENTAL EXPERIMENTS FOR PARAMETERS IDENTIFICATION
In the Eqs. (2), (3), (8) and (9), it is not easily to analytically determine the relation between the buckling angle A . So, it is necessary to investigate these relations as an empirical formula. In the experiment, the restoration torque from each buckled tube was calculated by investigation of relation between the buckled angle and the restoration force of the tube. Fig. 3 shows the relation between the restoration torque (Nm) and the buckling angle (deg.). (11) By using Eq. (11) and the model mentioned above, the relation between the maximum motor torque and the restoration torque from buckled tube can be simulated for various arrangements of the tubes. When the restoration torque is larger than the maximum motor torque, we can understand that the saturation is occured. Secondly, in order to investigate the relation between the opening area and the buckled angle of the tube, the relation between the mass flow rate and buckled angle as shown in Fig. 4 had been investigated. In the experiment, the supply pressure of 500 kPa was applied and the flow rate was measured by using digital flow meter (SMC Co. PFMB7201-C8-A-M, 1l/min). In this figure, y axis shows mass flow rate, x axis shows buckled angle (deg.) and the symbols show the average results of three times measurements. Secondly, in order to investigate the relation between the opening area and the buckled angle of the tube, the relation between the mass flow rate and buckled angle as shown in Fig. 4 had been investigated. In the experiment, the supply pressure of 500 kPa was applied and the flow rate was measured by using digital flow meter (SMC Co. PFMB7201-C8-A-M, 1l/min). In this figure, y axis shows mass flow rate, x axis shows buckled angle (deg.) and the symbols show the average results of three times measurements. This study can be summarized as follows. The analytical model of the servo valve using buckled tube is proposed. As an identification of system parameters, the relation between restoration torque and opening area with respect to the buckling angle of the tube are investigated. The empirical formulas of these relations can be obtained.
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Finally, by comparing the experimental and calculated relationship between the motor rotational angle and output flow rate of the valve, it can be concluded that the proposed model was valid to estimate the static characteristics by changing the design parameter of the valve. As our future works, a theoretical analysis of valve dynamics for optimal design and an investigation of value body for practical use will be performed.
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